The human brain is known to be influenced by environmental stimuli (Feeney et al., 1982; Kaplan, 1988). Therefore, research on the brain activation pattern by external stimuli has been an important topic in neuroscience (Kaplan, 1988). Chewing gum has been known to have a positive effect on cognition, including alertness, attention, cognitive processing speed, and memory (Stephens and Tunney, 2004; Smith, 2009; Onyper et al., 2011; Allen and Smith, 2012; Hirano et al., 2013). Many studies have reported that chewing gum can improve memory function, although there is some controversy on this topic (Nielson and Jensen, 1994; Stephens and Tunney, 2004; Tucha et al., 2004; Miles and Johnson, 2007; Smith, 2009). Chewing gum has been shown to improve memory function by enhancing glucose delivery to the brain, increasing adrenergic arousal (Stephens and Tunney, 2004), and initiating cortical activation in areas related to memory (Sesay et al., 2000; Takada and Miyamoto, 2004). However, the possible brain activation pattern of the medial temporal lobe has not been clarified so far.

The medial temporal lobe, which is essential for memory function, comprises the hippocampus, entorhinal cortex, perirhinal cortex, and parahippocampal cortex (Poldrack and Gabrieli, 1997; Eichenbaum, 2002; Brand, 2003; Squire et al., 2004; Karnik, 2009). The hippocampal-entorhinal complex is most closely related to the encoding and consolidation of information on episodic memory among declarative memory (Eichenbaum, 2002; Brand, 2003; Squire et al., 2004). Consequently, this region involves transmission of information for neocortical long-term storage (Brand, 2003).

Functional neuroimaging techniques, especially functional MRI (fMRI), have been widely used for investigation of cortical activation by external stimuli (Wexler et al., 1997; Kim et al., 2011). Since 1997, several studies have reported on brain activation in the frontal lobe, parietal lobe, and cerebellum during chewing (Sesay et al., 2000; Onozuka et al., 2002, 2003; Takada and Miyamoto, 2004; Quintero et al., 2013). However, to the best of our knowledge, there is no study on brain activation of the medial temporal lobe, which is closely related to memory function.

In this study, we attempted to investigate the brain activation pattern of the medial temporal lobe during chewing gum using fMRI. Eight healthy right-handed subjects, consisting of four males and four females, mean age of 23 ± 2.8 (range 20--29 years) years with no history of neurological, physical, or psychiatric illness were recruited into this study. The eight subjects were the college students who participated voluntarily through the recruitment notice. All subjects understood the method of fMRI of this study and provided written consent. The study protocol was approved by Yeungnam University Hospital Institutional Review Board (YUH-14-0425-D7).

The subjects were secured in a supine position with a frame. Tasks were performed using a block paradigm (21-second control, 21-second stimulation: three cycles). Chewing gum was performed using a tasteless and odorless gum (Ivoclar Vivadent AG, Schann, Liechtenstein, South Korea) in the right molars under metronome guidance (1 Hz) and gum was held in the right cheek during resting phase. Each task was performed three times.

A 1.5T Philips Gyroscan Intera scanner (Philips, Ltd.; Best, the Netherlands) was used for blood oxygenation level dependent (BOLD) fMRI. Echo Planar Imaging BOLD images were acquired over identical 20 axial sections. BOLD-weighted Echo Planar Imaging parameters were as follows: repetition time/echo time: 2 seconds/60 ms; field of view: 210 mm; flip angle: 90°; matrix size: 64 × 64, and slice thickness: 5 mm. In addition, the following parameters were employed for T1-weighted anatomical reference images: 20 axial, 5-mm slice thickness and matrix 128 × 128 (Schaechter et al., 2006). All images were acquired parallel to the anterior and posterior commissure line.

SPM 8 software (Wellcome Department of Cognitive Neurology, London, UK) was used for analysis of fMRI data. The functional images were nonlinearly realigned by slice timing and motion correction. These data were co-registered using the T1-weighted image as a template for each participant and normalized to the MNI (Montreal Neurological Institute) template (Cherubini et al., 2007). Normalized images were then smoothed using a Gaussian kernel at a full width at half maximum of 8 mm. For detection of changes in BOLD signals, control condition data were subtracted from stimulated condition data. Random-effect group analysis was used for comparison of differences in brain activations. SPM *t*-maps were computed, and voxels were considered significant (uncorrected threshold of *P* \< 0.05, more than five voxels).

For quantitative analysis of volume data mapped to the cortical surface, we used version 5.61 of the Computerized Anatomical Reconstruction and Editing Toolkit (CARET) (Van Essen, 2002). We projected functional group results onto the left hemisphere of the Human Colin surface-based atlas mapped to the PALS-B12 surface ('Population-Average Landmark- and Surface-Based'-atlas; derived from structural MRI volumes of 12 normal young adults) (Nakahara et al., 2001; Van Essen et al., 2001; Van Essen, 2005). Data values in voxels that intersected the cortical surface were directly mapped to the vertices of each participant-specific fiducial cortical surface using the intersections of enclosing voxels and nodes. Nodes representing an individual hemisphere were deformed to the standard PALS-B12 atlas sphere with 73,730 nodes using selective landmarks and spherical alignment (Van Essen, 2005). The results of fMRI activation for the groups were mapped on the flatmap template of the PALS-B12. Regions of interest (ROIs) were set at the medial temporal cortex (the entorhinal cortex: Broadmann area \[BA\] 28, perirhinal cortex: BA35, and parahippocampal cortex: BA36) (Brodmann and Gary, 2006; Augustinack et al., 2014). Voxel counts were used as measures of the amounts of cortical activation.

Group analysis of fMRI data showed activation in the left medial temporal lobe, including the hippocampus, during chewing gum (**[Figure 1](#F1){ref-type="fig"}**). Aaccording to BA, we observed activations in the entorhinal cortex (BA28, voxel counts: 124) and the parahippocampal cortex (BA36, voxel counts: 106). However, activation was not observed in the perirhinal cortex (BA35).

![Brain activation and Brodmann area during chewing gum in a healthy right-handed subject.\
(A) Group analysis of functional MRI shows activation (red color) in the medial temporal lobe, including the hippocampus (arrow), during chewing gum. (B) Brodmann area (BA) on the flat map template of the PALS-B12: the entorhinal area (BA28), the perirhinal cortex (BA35), and the parahippocampal area (BA36). (C) Group-average functional MRI activation (orange and yellow color, bright color means more activation) during chewing gum overlaid on the flat map template of the PALS-B12. L or Lt: Left; A: anterior.](NRR-12-812-g001){#F1}

In this study, we investigated the brain activation pattern of the medial temporal lobe during chewing gum. According to our findings, the medial temporal lobe, including the hippocampus, was activated during chewing gum. In addition, the entorhinal cortex and the parahippocampal cortex were mainly activated according to BA on the flat map template. The medial temporal lobe consisted of the hippocampus and the parahippocampal region, which comprises BA28, 35, and 36 (Poldrack and Gabrieli, 1997; Eichenbaum, 2002; Brand, 2003; Squire et al., 2004; Karnik, 2009). This lobe is critical in persistence of memory representations bridging the gap between short-term and long-term memory (Poldrack and Gabrieli, 1997; Eichenbaum, 2002; Brand, 2003; Squire et al., 2004). The parahippocampal region is an important convergence site for neocortical input to the hippocampus by receiving input from multiple cortical association areas (Poldrack and Gabrieli, 1997; Eichenbaum, 2002; Brand, 2003; Squire et al., 2004). Therefore, our results showed that activation of the hippocampus and the parahippocampal region during chewing gum might be related to memory function through functional linkage between these two brain regions. It appears that our results are coincided with the results of previous studies which demonstrated that chewing gum is related to improvement of declarative memory (Nielson and Jensen, 1994; Wilkinson et al., 2002; Stephens and Tunney, 2004). Further studies on this topic should be encouraged.

Several functional neuroimaging studies have reported cortical activation patterns induced by chewing gum in normal subjects (Momose et al., 1997; Sesay et al., 2000; Onozuka et al., 2002, 2003; Takada and Miyamoto, 2004; Quintero et al., 2013). In 1997, using Positron Emission Tomography, Momose et al. (1997) reported that chewing gum increased regional cerebral blood flow in the primary sensorimotor cortex (SM1), supplementary motor area, insula, cerebellum, and striatum. Subsequently, using xenon-enhanced computed tomography, Sesay et al. (2000) found that regional cerebral blood flow was increased in the fronto-temporal cortex, caudate nucleus, thalamus, rolandic areas, insula, cingulate, and cerebellum. Using fMRI, Onozuka et al. (2002) reported activation of the sensorimotor cortex, supplementary motor area, insula, thalamus, and cerebellum during chewing gum. The next year, the same researchers reported similar results to those from the study reported in 2002; however, they demonstrated that the cortical activation patterns differed according to the age of subjects (Onozuka et al., 2003). Furthermore, using fMRI, Takada and Miyamoto (2004) reported that chewing gum induced activation of the primary SM1, premotor area, supplementary motor area, inferior frontal cortex, middle frontal gyrus, intraparietal cortex, and superior parietal lobe. In a recent study, using fMRI, Quintero et al. (2013) reported that the precentral gyrus, post-central gyrus, posterior cerebellar lobes, rostrum of the corpus callosum, anterior cingulated gyrus, and head of the caudate nucleus were activated during chewing gum. As a result, as far as we are aware, this is the first study to demonstrate the activation pattern of the medial temporal lobe during chewing gum.

In conclusion, this study found that chewing gum induced activation of the contralateral medial temporal lobe, i.e., the hippocampus, entorhinal cortex, and parahippocamal cortex. Our results suggest that chewing gum can effectively stimulate the medial temporal lobe, which is an important area for declarative memory. However, it is a limitation of our study that we used uncorrected threshold of *P* value \< 0.05 which is not a strict value. Whether activation of the medial temporal lobe can protect against memory loss with aging or improve memory impairment in patients with brain injury should be investigated in future studies.
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